Background. Motor recovery after stroke is predicted only moderately by clinical variables, implying that there is still a substantial amount of unexplained, biologically meaningful variability in recovery. Regression diagnostics can indicate whether this is associated simply with Gaussian error or instead with multiple subpopulations that vary in their relationships to the clinical variables. Objective. To perform regression diagnostics on a linear model for recovery versus clinical predictors. Methods. Forty-one patients with ischemic stroke were studied. Impairment was assessed using the upper extremity Fugl-Meyer Motor Score. Motor recovery was defined as the change in the upper extremity Fugl-Meyer Motor Score from 24 to 72 hours after stroke to 3 or 6 months later. The clinical predictors in the model were age, gender, infarct location (subcortical vs cortical), diffusion weighted imaging infarct volume, time to reassessment, and acute upper extremity Fugl-Meyer Motor Score. Regression diagnostics included a Kolmogorov-Smirnov test for Gaussian errors and a test for outliers using Studentized deleted residuals. Results. In the random sample, clinical variables explained only 47% of the variance in recovery. Among the patients with the most severe initial impairment, there was a set of regression outliers who recovered very poorly. With the outliers removed, explained variance in recovery increased to 89%, and recovery was well approximated by a proportional relationship with initial impairment (recovery ≅ 0.70 × initial impairment). Conclusions. Clinical variables only moderately predict motor recovery. Regression diagnostics demonstrated the existence of a subpopulation of outliers with severe initial impairment who show little recovery. When these outliers were removed, clinical variables were good predictors of recovery among the remaining patients, showing a tight proportional relationship to initial impairment.
P ublications about stroke recovery rarely make explicit mention of unaccounted for variability in stroke recovery, and even when they do, it is often without an available citation. This may be because variability in stroke recovery is considered a clinically obvious fact and because previous studies of stroke recovery using regression models have emphasized the amount of variance successfully explained by the predictors rather than considering the biological significance of residual unexplained variance. Several observational studies have demonstrated that initial severity of hemiparesis, measured with either disability or impairment scales, is the best predictor of recovery. [1] [2] [3] [4] [5] Other predictors used in regression models have included age, demographics, nonmotor clinical features, infarct side and location, and stroke subtype. [1] [2] [3] [4] 6 Heretofore, recovery has usually been defined with a functional outcome scale. However, most relevant to the current report are those few studies that have defined recovery with an impairment scale such as the Fugl-Meyer Motor Score. These studies have shown that prediction of recovery by initial severity (measured within 24 hours of stroke) is only moderate, with an estimated R 2 of 30% to 50%. 2, 6 The reliability of a measurement is the ratio of true inter-individual variance to total variance and so varies from 0 to 1. The closer the reliability is to 1, the greater the extent to which variability in the measurement reflects true inter-individual variability. The Fugl-Meyer Motor Score has been shown to have a reliability close to one. 7 Therefore, the substantial amount of variability in recovery unexplained by initial severity is not simply measurement error but biologically meaningful variation. Regression diagnostics have not been reported, thus leaving unaddressed the issue of model validity (in particular that errors are identically distributed Gaussian random variables). This is of practical importance because we need to understand better the expected improvement for individual patients. Variability in recovery may be concentrated in certain subgroups and not reflect uniform uncertainty across all patients. To examine regression model validity, we performed basic regression diagnostics on prediction of motor recovery by clinical variables.
In this article, we define our recovery measure ∆ FM as the Fugl-Meyer Motor upper extremity score (FM-UE) measured at approximately 3 and 6 months postinfarct minus the FM-UE at 24 to 72 hours postinfarct. Thus, positive values of ∆ FM indicate recovery. We used an impairment scale, FM-UE, because we believe that it is reduction of impairment rather than of disability (the latter often being mediated through compensatory mechanisms) 7, 8 that reflects true biological recovery. Furthermore, ∆ FM rather than final FM-UE was chosen because a recovery process fundamentally implies a change in state rather than just an endpoint. By analogy, a skin laceration and a graze may both fully heal, but the laceration engages the biological mechanisms of healing more than the graze.
SUBJECTS AND METHODS
The Performance and Recovery in Stroke (PARIS) registry is a prospective natural history study of neurologic deficits following first-time stroke, using measures of impairment and structural brain imaging. Between May 2002 and May 2006, eligible patients were screened from the Columbia University Medical Center inpatient stroke service after a diagnosis of ischemic stroke was confirmed. Those who were able to consent and willing to participate in the study were enrolled within 72 hours of stroke onset. From the overall cohort of 87 patients enrolled to date, there were 41 subjects with an initial FM-UE <66 (PARIS motor cohort).
Through medical chart review and patient interview, we collected baseline information on age, sociodemographic history, medication history, and vascular risk factors (current smoking, tobacco use, atrial fibrillation, hypertension, diabetes mellitus, hypercholesterolemia, and coronary artery disease). Initial examination, performed between 24 and 72 hours of stroke onset, included a detailed neurologic examination, the National Institutes of Health Stroke Scale Score, manual motor testing using the Medical Research Council rating, and the Fugl-Meyer Scale.
Radiographic data on infarct topography, volume, and arterial territory were also obtained between 24 and 72 hours of stroke onset. Lesion volume was estimated in cm 3 : lesion volume = [product of maximal perpendicular diameters of the diffusion weighted imaging (DWI) lesion in cm] × [number of 0.5-cm slices]/2, a reasonably reliable method compared with automated methods. 9, 10 Lesion location was dichotomized into subcortical only versus any cortical involvement. The diagnostic workup to determine stroke etiology was made by the treating physician and was not standardized. Using the Trial of ORG 10172 in Acute Stroke Treatment criteria based on the history, clinical, and diagnostic evaluation, we assigned stroke subtype classification for each stroke. 11 Each patient in this study had physical and occupational therapy during his or her hospitalization.
All patients were expected to have follow-ups at 3 and 6 months after their stroke, when neurological examinations, manual motor testing, and (which was included as a predictor) varied by 2 to 4 weeks around the desired date of follow-up. In addition, not every patient had both follow-ups. We used the 6-month data in those patients who had both follow-ups. The maximum possible FM-UE score was 66.
As stated earlier, ∆ FM was the chosen measure of motor recovery.
Linear regression (N = 41) was used to model ∆ FM with currently known or plausible clinical predictors: age, gender, age × gender, infarct location (subcortical vs cortical), DWI infarct volume, infarct location × infarct volume, time to reassessment, and acute FM-UE. The false positive rate was controlled at α = .05 per predictor.
An independent estimate of the measurement error variance of ∆ FM was obtained from the literature and equaled 8.4 (N = 22). 12 The ratio of a sample variance of ∆ FM to this measurement error variance yields an F statistic that can be used to test whether reliability > 0. Reliability was directly computed from the F statistic as 1 -1/F.
Regression diagnostics included a KolmogorovSmirnov test for normality of Studentized residuals, using Studentized deleted residuals to test for outliers and plotting Studentized residuals versus the predicted value of the model.
RESULTS
The patients' (N = 41) baseline characteristics are summarized in Table 1 . The average (±SD) ∆ FM was 18.4 ± 18.5 (range 0-61). ∆ FM was significantly positive (t 40 = 6.4, P < 10 -6 ). The estimated reliability of ∆ FM was 0.98, which was significantly greater than zero (F 40,21 = 40.6, P < 10 -6 ). ∆ FM was then regressed against the predictor variables stated in the Methods ( Table 2 ). The overall model was significant (F 8,32 = 5.3, P = 2.6 × 10 -4 ). Only acute FM-UE and subcortical lesion volume were individually significant. The statistical results for each predictor are shown in Table 2 . The adjusted R 2 for the model was 0.47 (nonadjusted R 2 = 0.57). The mean squared residual for this model was 182.6 with 32 df, corresponding to a reliability estimate of 0.95, which was significantly greater than zero (F 32,21 = 21.7, P < 10 -6 ). Thus, an estimated 95% of the unexplained variance in this regression model is attributable to true inter-individual variability and 5% is attributable to measurement error. ). Inspection of Figure 2 did not suggest simply a greater error variance at lower values of ∆ FM but rather that there were several outliers lying above a regression line clearly evident for ∆ FM ≥ 18. A standard test for outliers (Studentized deleted residuals) detected only 1 outlier (a patient with acute FM-UE = 4 and ∆ FM = 8), but this test is not sensitive to the presence of multiple outliers. To formalize the impression that there was a subgroup of outliers to an otherwise tight regression line, we estimated linear model parameters based only on subjects whose ∆ FM ≥ 18 (these subjects all had acute FM-UE ≤ 45; N = 17). Unsurprisingly, the overall fit from this model to the ∆ FM ≥ 18 data was excellent (nonadjusted R 2 = 0.93, adjusted R 2 = 0.85; Figure 3 ). From these parameter estimates, we then computed Studentized residuals for ∆ FM < 18 (N = 24); the proportion of these residuals that were negative (ie, corresponding to observed values that were less than their predicted values) was significantly greater than (Figure 3) . The outlier subjects were notable for a tendency to have low values of acute FM-UE (mean = 5.9 ± 9.2 compared with 38.0 ± 24.0 for the nonoutlier subjects), which was the largest determinant of predicted ∆ FM (Table 2) . Thus, subjects with low acute FM-UE tended to have the greatest inter-individual variability, because some of them recovered a great deal whereas others (the outliers) recovered very little.
The overall model was highly significant (F 8,25 = 35.7, P < 10 -6 ) when the regression was recomputed without the 7 outliers (Figure 4 ). There were significant individual predictor effects for acute FM-UE, subcortical lesion volume, age, and y-intercept (Table 3 ). The adjusted R 2 for this model = 0.89 (nonadjusted R 2 = 0.92), a large improvement in proportion of explained variance compared with when the outliers were included (Figure 3) . A Kolmogorov-Smirnov test performed on the Studentized residuals to test for non-normality was not significant (Kolmogorov-Smirnov statistic = 0.08, df = 34, P = .20), and neither skewness nor kurtosis was significantly different from 0.
Even with the much greater explanatory power of this regression model (mean squared residual = 40.8 with 25 Table 2 was fit to these data and then used to compute fits for ∆ FM < 18 (solid diamonds and triangles). The identity line is plotted to illustrate the magnitude and sign of the residuals: the sign of a residual depends on whether it is above (negative, by convention) or below (positive) this line. The triangles indicate the outliers identified using this regression equation. df), the reliability estimate of the residuals was still high (reliability estimate of 0.79) and significantly greater than zero (F 25,21 = 4.9, P = 2.5 × 10 -4 ). Thus, most of the variability in ∆ FM remained attributable to true inter-individual variability. These results indicate that outliers to the regression equation are the cause of the bulk of the unexplained variance in recovery (mean squared residual = 182.6 with outliers vs 40.8 without outliers).
To obtain a more parsimonious regression model (again excluding the same 7 outliers), predictors were backward eliminated stepwise until all remaining predictors were significant at α = .05 or until the adjusted R 2 decreased. The final selected model had eliminated lesion location, cortical lesion volume, gender, and age-by-gender interaction and retained acute FM-UE, subcortical lesion volume, age, time to reassessment, and y-intercept ( Table  4 ). The adjusted R 2 for this model = 0.90 (nonadjusted R 2 = 0.91). When applied to the 7 outliers, this same reduced model was not significant (F 4,2 = 2.6, P = .29). We defined maximal potential recovery as 66 -acute FM-UE. To obtain a prediction of the proportion of this difference that patients will recover, we evaluated the reduced model at the mean values of subcortical lesion volume (1.36 cm 
DISCUSSION
We sought to formally determine the sources and structure of inter-individual variability in motor recovery after stroke. We found, replicating previous results, 7 that the reliability of the FM-UE was almost 1, implying that inter-individual differences almost entirely reflect biologically meaningful variability. Two sources were found to account for nearly all this systematic variation. One was initial impairment (other clinical variables also played a role), with which recovery in the majority of subjects exhibited a nearly proportional relationship (proportional recovery). Another source, discovered through regression diagnostics, was the existence of a subgroup of patients with high initial impairment that did not show proportional recovery, corroborating an earlier study which observed that some patients with severe initial deficits do not recover whereas others do. 13 Except for these outliers, most patients tended to recover approximately 70% of their initial impairment (proportional recovery). Proportionality was not simply attributable to a ceiling effect for the FM in patients with minimal initial impairment, because this relationship was identified strongly even in subjects with acute FM-UE ≤ 45 (and ∆ FM ≥ 18; compare line fits for Figures 3  and 4) . A striking implication of this finding is that even though damage to the corticospinal tract (CST) is largely irreversible, there is a mechanism that nevertheless allows substantial recovery even from severe impairment. One might think that proportional recovery is a necessary consequence of any relationship between recovery and initial impairment or is an inevitable result of outlier exclusion. Neither intuition would be correct. The slope (m) plus y-intercept (b) model relating recovery (R) to initial impairment (I) is R = mI + b. The free parameters estimated by regression are m and b. Proportional recovery is a special case of this relationship with b = 0; this is a function of the data and not a foregone conclusion of the modeling procedure itself (ie, if recovery data were generated by a different process, b could certainly have taken on substantial non-zero values, in which case recovery would not have been well approximated as proportional). For the same reason, exclusion of outliers could not itself cause a proportional relationship but only improve the regression fit to the model R = mI + b. A possible mechanism for the failure of outliers to recover is that these patients have less residual CST integrity after stroke compared with those patients with similar initial severity but who show proportional recovery, although because the model included DWI volume, this difference in CST integrity would have to be unrelated to DWI lesion volume. A relationship of CST integrity to prognosis is suggested by studies using diffusion-tensor imaging 14, 15 and corticospinal masks, 16 which show that the degree of CST injury correlates negatively with motor recovery following stroke. 14, 16 Further support comes from studies using transcranial magnetic stimulation (TMS) with motor evoked potentials (MEPs) measurements in the first 10 days after stroke. One review reported that TMS in patients with severe acute impairment is a highly specific test of future recovery, which would imply that any severely impaired patient who does not recover will have absent MEPs in the acute stroke period. Therefore, based on this idea, it would be predicted that our outliers (all severely impaired patients who recovered poorly) would have absent MEPs. However, neither specificity nor sensitivity of TMS has been uniformly high in the literature, with great variability between laboratories. 17 For example, some studies of MEPs response very early after stroke have not been able to distinguish between good and poor recoverers. 18 To conclusively determine whether the regression outliers had absent MEPs would require a study combining both acute stroke period TMS and clinical variable regression diagnostics. Even if it is the case that CST integrity is the final mediator of recovery, it is critical to ask why there is a delay between the detection of MEPs and recovery. It is not likely that edema and metabolic derangement, which are maximal within 72 hours, 19 are the only explanations. We suggest that another mechanism contributing to recovery is the capacity of the remaining undamaged brain to reorganize and subsequently recruit the residual CST and other descending pathways. This speculation is consistent with positron emission tomography and functional magnetic resonance imaging studies showing that both ipsilesional and contralesional areas are activated during recovery from hemiparesis. 20, 21 It can be speculated that patients in whom MEPs are present in the acute stroke phase but who do not recover 22 lack this specific capacity for brain reorganization.
Although many previous studies have shown that initial stroke severity is the best predictor of subsequent functional outcome, only a few studies have used measures of impairment rather than disability. Duncan and colleagues 2 studied the relationship between initial and 6-month total FM in 54 patients. They obtained an R 2 of 0.53 when the initial FM was measured in the first 24 hours after stroke. 2 Similarly, Feys et al 6 obtained an R 2 of 0.30, although the follow-up FM was at 12 rather than 6 months. 6 Neither of these studies reported regression model diagnostics. Furthermore, although the FM-UE has been reported to have excellent reliability (>0.99), 7 the 2 cited studies defined recovery as the final FM-UE, whereas we defined recovery as ∆ FM . This is not trivial, because changes in performance and final performance are only moderately correlated, and dynamic recovery processes during the acute stroke period would be expected to relate to future changes in performance rather than final levels of performance per se. To our knowledge, this is the first time that the reliability of ∆ FM has been reported.
Our finding that 95% of variance in recovery unexplained by clinical variables is attributable to true interindividual variability implies that there are as-yet unidentified biological processes that account for observed inter-individual differences. More precisely, because the estimated unexplained variance in recovery from the regression model was 53% of the total and the reliability of this variance was estimated at 95%, our estimate of the amount of biological variability in recovery as-yet unexplained = (53%) ⋅ (95%) = 50% of the total, observed variance in ∆ FM in the population. On the basis of our current results, we would argue that the main source of this unexplained variability in recovery is the presence of the outliers to the proportional recovery relationship, which seem to only exist at the severe range of initial impairment. These outliers appear to represent a clinically meaningful subpopulation distinct from the majority of patients across the entire range of initial impairment who show proportional recovery.
Limitations to this study include the small sample size, although it is similar to other series in the literature. Because of the requirements of study consent and follow-up, the majority of our patients had isolated motor deficits or had only minimal nonmotor cortical deficits such as aphasia and neglect (ie, large cortical strokes were largely excluded). Thus, our study had a selection bias toward patients with isolated hemiparesis and relatively small lesions. Future studies should examine whether proportional recovery holds for larger lesions or is modulated by additional nonmotor deficits. 23 Another concern might be that acute DWI volume without perfusion imaging can underestimate final infarct volume, but DWI has been shown to be a reasonable surrogate when performed after the first 24 hours. 24 In addition, the reliability of manual lesion measurement, although good, is not as high as with automated methods. 9, 10 Last, although follow-up times were not uniform, we adjusted for time to reassessment in the regression models.
CONCLUSIONS
The results of this study lead to several important conclusions with regard to motor recovery after stroke. First, observed inter-individual variability in stroke recovery in the studied population is almost exclusively attributable to true inter-individual (ie, biologically meaningful) variability. Second, impairment in the first 72 hours (and secondarily, subcortical lesion volume, age, and time after stroke onset) is a very good predictor of recovery when high initial impairment outliers are removed. Interestingly, recovery in the nonoutliers is proportional to initial severity (with an estimated proportionality of 0.70). Third, after we accounted for clinical variables, interindividual variability seemed to be attributable primarily to the existence of a subpopulation of patients with severe initial impairment who, unlike the rest of the population (including others with severe initial impairment), do not experience proportional recovery.
